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In parts of Central Europe, such as Germany, climate change will lead to increasing area 25 utilization for winter types of faba bean (Vicia faba L.) with improved tolerance to drought 26 and freezing. Here, we present the first genome-wide association analysis focusing on drought
27
and freezing stress in a set of 189 German winter faba bean lines. We assessed proline, 
68
"gold standard" for assessing transpiration efficiency. They cited Amede and Schuster (1999) 69 with regard to the lack of osmotic drought adjustment of known faba bean types, and 70 described a need for screening of a genetically more diverse set of germplasm. They 
79
to date, been unsuccessful.
80
Across large parts of the UK and many coastal regions of France, the winter 81 conditions are mild enough to grow current winter faba bean cultivars, such as 'Wizard' 82 (Smith, 2015) . However, winters may occasionally be too harsh for these crops to be grown in
83
Germany and the more continental parts of Europe, north of the Pyrenees and Alps. Link et al.
84
(2010) reported the current knowledge of breeding and the research status regarding winter 85 hardiness and freezing tolerance, concluding that a genetically wider set of accessions must be 86 studied to uncover genotypes with higher tolerance to both drought and freezing. Such work
87
has been performed by Olszewski (1996) who found new freezing-tolerant "genitors"
88
(ILB3187, ILB2999, ILB3245, and ILB14), and by Khazaei et al. (2013) 
119
winter faba beans reproduce with roughly 50-60% outcrossing (Gasim et al., 2004) .
120
Thereafter, the single-seed descent (i.e., inbreeding) of the A-set lines was begun (Gasim, 
.
122
For the M-set, the biparental RIL population of Arbaoui et al. (2008b) 
147
These three A-set lines were chosen as additional guides for marker loci definition 148 motivated by a study of the segregation of a subset of our AFLP markers in backcross 149 families among them (Ali 2015b) . The GeneMapper-supported analysis was hence 150 conducted jointly across the M-set and A-set. Scored yet unmapped markers occurred for two 151 reasons: they were polymorphic in the M-set but could not reliably be mapped, or they were 152 monomorphic in the M-set but polymorphic among the three A-set lines.
153
For SNP analyses, a sample of 50 mg freeze-dried leaf from each tested plant was sent
154
to LGC Genomics (Cambridge, UK) for DNA extraction and SNP analysis. Several hundred 155 assays for Kompetitive Allele Specific PCR (KASP) analysis were available from the work of 156 Cottage et al. (2012a Cottage et al. ( , 2012b 
173
Leaflet discs were used to assess proline, sugars, and membrane stability, whereas 174 detached leaflets were used to examine chlorophyll, leaf water, and glycine betaine. Control 175 proline and control sugar contents from unstressed leaflet discs were analyzed in a sample of 176 25 discs, from ten leaflets per entry and replicate. Stress proline content was analyzed in 25 177 stressed leaflet discs, and another 25 stress-treated leaflet discs were used for sugar content 178 analysis (cf. supplemental table 1). An additional 25 stressed and 25 unstressed leaflet discs
179
were analyzed for control and stress membrane stability, respectively. Chlorophyll was 180 measured in ten detached leaflets, directly after cutting (control) and once again after stress 181 treatment. The same leaflets were used to gravimetrically determine leaf water content.
182
Control glycine betaine was analyzed in ten independent detached leaflets. Glycine betaine 183 after stress was measured in the same leaflets already used for measurements of chlorophyll 184 and water content after stress (cf. supplemental table 1).
185
For proline analysis, drought stress was applied to the leaflet discs using PEG (420 g 186 PEG6000 per kg water) in HEPES buffer (25 mM KCl, 3.7 mM CaCl 2 , and 5 mM HEPES).
187
Leaflet disks were placed on this medium at 20°C, 80% relative air humidity for 48 h under 
193
Free proline content was assessed photometrically using freeze-dried material 194 according to the method described by Bates et al. (1973) . Soluble sugars contents were also 195 analyzed photometrically from freeze-dried material, following the method of Yemm and 196 Willies (1954) . For membrane stability assessment, leaflet discs were shaken in 50-mL test
197
tubes with 20 mL deionized water for 24 h at 7°C. Electric conductivity (EC1) was measured.
198
The samples were then boiled for 30 minutes followed by a second conductivity measurement 
253
The drought-related results were analyzed according to the alpha-lattice design of the 254 experiments, resulting in lattice-adjusted means across the two replicates. These data were 
289
For each trait, we tested the significance of associations between marker alleles and 290 trait expression using the P-values of the markers as calculated as by TASSEL, and according
291
to the methods of Benjamini and Hochberg (1995) 
321
The average combined genetic similarity (GS) among the 189 A-set lines was 0.329,
322
whereas the average GS among the 11 founder lines was 0.320. In the A-set, 9% of the 323 pairwise marker similarities fell below the threshold of 0.320 set by the founders-hence, 9%
324
of the kinship matrix data was deemed "unrelated"-while eight line pairs showed GS of 325 >0.750.
326
With its first two axes, principal coordinate analysis (Figure 1) showed only 1.79% 327 and 1.69% of the similarity variance in the data. Additional axes explained 1.44%, 1.31%, 328
1.22%, and so on down to 0.61% for the last one. The very even spread of lines across the 329 area in Figure 1 indicate a lack of marked subgrouping among these lines.
331
Among the 11 founder lines, the overall mean LD (expressed as r 2 ) was 0. 
358
We detected very few significant (α = 5%) correlations among the drought-related 
364
Regrowth and loss of turgidity and color were only correlated with an r value of −0.50 (α =
365
1% for all of these correlations). No meaningful correlations were observed between freezing
366
and drought traits (−0.22 < r < 0.31 for all coefficients).
367
Out of 20 reported traits, 15 were subjected to association analyses (excluding the 368 drought-related traits in their control treatments). Only 6 of these 15 traits allowed the 369 identification of significant QTL. For these 6 traits, between 1 and 8 putative QTL were 370 identified (Tables 1 and 2) .
371
For drought, there was a total number of 12 markers with significant trait associations.
372
One marker (E36M48-279) showed a signal in two traits: stress-induced gain of glycine 373 betaine and of proline (Table 2) , with absence of the AFLP peak ("allele 0") being associated (Table 2 ). With 0.000 < r 2 < 0.015 among them, each of these three markers most likely 386 marks a unique QTL rather than several of them marking the same QTL.
387
Disposition to survive the frost test was associated with one AFLP and one SNP 388 marker (Table 2) , with about 7% and 8% of phenotypic variance explained per marker. Loss 389 of turgidity and color was associated with eight marker loci, one of which was also shared 390 with the other freezing trait (Vf_Mt086600, 9% variance explained, p = 2.52 10 −5 ). The "G"
391
allele of this SNP was associated with a higher disposition to survive, and the "T" allele with 
419
The present study is the first genome-wide association analysis of faba bean focused 
437
There exist a variety of alternative approaches for both experiments, including 
465
However, further validation is still necessary.
466
At the start of the present experiments, about 778 SNPs were known in faba bean from 
478
LD among the 11 founder lines was r 2 = 0.1135. We simulated 364 samples of 11
479
haplotypes with two bi-allelic loci each, drawn from a basic pool with zero LD and allele
480
frequencies of 20% and 80% throughout, which resulted in an average LD of r 2 = 0.1031.
481
With allele frequencies of 50% throughout, the average LD became r 2 = 0.0972. This is 
490
Of the analyzed markers, 88% (N = 1159) represented an independent map position.
491
The 
498
We found a rather low repeatability of glycine betaine values and of glycine betaine 499 accumulation (0.425 < h 2 < 0.614, Table 1 ). This was likely because a portion of the data was 500 predicted via NIRS calibration. Hence, the true relationship between proline and glycine 501 betaine might be stronger than r = 0.34. The highest h 2 values after stress were found for 502 water content (h 2 = 0.884) and %water (h 2 = 0.880)-yet, no QTL was discovered. Similarly,
503
no QTL was detected for membrane stability.
504
The weakest correlation between two freezing traits was found between regrowth and 
514
The AFLP locus E36M48-279 was, with its allele "0," associated with glycine betaine 
523
To examine the plausibility of the present findings, association analyses were repeated
524
with the GLM mode of TASSEL 3.0 (instead of MLM). Most of the results were very similar 525 to those presented in Table 2 ; the same marker allele was associated with trait increase. When 
555
We propose a first glimpse candidate gene search for one of our putative QTL: SNP
556
locus Vf_Mt3g086600 (associated with freezing tolerance). 
564
To summarize the main conclusions:
565
• Marked genetic variation for aspects of drought and freezing tolerance traits occurred,
566
• little genetic connection between these two topics was displayed,
567
• LD in the current winter faba bean germplasm was very low, thus high numbers of markers
568
and probably candidate gene search should be applied,
569
• several putative QTL for drought tolerance related traits and for freezing tolerance were 570 detected.
571
We reported findings from the first association analysis in faba bean focused on abiotic stress.
572
The present results markedly improve the prospects for introducing adapted winter faba beans
573
in German field rotations.
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Supplemental figure 1. Graphical display of the 2 nd out of seven main linkage groups (Welna 2014 E36M56-320; 9.1 10 -4 E41M51-174; 9.7 10 -4
